Crack formation is typically undesirable as it represents mechanical failure that compromises strength and integrity. Recently, there have also been numerous attempts to control crack formation in materials with the aim to prevent or isolate crack propagation. In this work, we utilize fragmentation, at submicron and nanometre scales, to create ordered metal oxide film coatings. We introduce a simple method to create modified films using electroplating on a prepatterned substrate. The modified films undergo preferential fragmentation at locations defined by the initial structures on the substrate, yielding ordered structures. In thicker films, some randomness in the characteristic sizes of the fragments is introduced due to competition between crack propagation and crack creation. The method presented allows patterning of metal oxide films over relatively large areas by controlling the fragmentation process. We demonstrate use of the method to fabricate high-performance electrochromic structures, yielding good coloration contrast and high coloration efficiency.
N anostructuring of materials is a promising approach to enhance performances of any surface driven phenomenon such as electrochemical, catalytic, sensing or energy related technologies [1] [2] [3] [4] [5] [6] [7] . There have been various approaches towards structuring the materials but many of these can be largely classified as template assisted phenomena. These include template assisted nano-Kirkendall effect 8 , template assisted phase separation 9 , template assisted dewetting [10] [11] [12] and template assisted evaporative assembly 13 . In this work, we introduce a new approach towards nanostructuring by utilizing template assisted fragmentation in thin films. Fragmentation is typically viewed as an undesirable failure mechanism. However, this has also been utilized to create semi-regular patterns in crackle for celadon ceramics [14] [15] [16] . The ability to control such fragmentation process is difficult and previous attempts have investigated the use of magnetic fields 17 , electric fields 18 , directional drying 19 and more commonly, creation of micro-notches [20] [21] [22] . While the use of micro-notches was highly successful in controlling the cracks, there are some limitations. It can be cumbersome to create regular patterns with the micro-notches since these are typically created individually. Another major drawback is the limitation in dimensions. While a small crack width of B500 nm is possible 22 , the distance between crack lines are restricted by the size of the micro-notches and this ranges from 5 to 50 mm (ref. 21) . The ability to induce ordered fragmentation at the submicron scale is difficult. Here, we introduce a method that allows for such fragmentation control. The approach targets ordering of the starting material, such that fragmentations are preferred in certain regions of the film. The resultant nanostructured film coatings are unique, and not easily obtained otherwise. In this work, we choose to examine a technologically relevant material, nickel oxide/nickel hydroxide or NiO/Ni(OH) 2 , which is popular in electrochemical devices due to the low cost, superior specific capacity and excellent anodic coloration efficiency 8, 23, 24 . Nanostructuring of NiO/Ni(OH) 2 is important as this brings about substantial enhancement to the performance, which have been demonstrated for a variety of structures, including porous thin films 25 , wires 26 , tubes 27 , core/shell 28 or 3D hierarchical gyroids 7 .
The fragmentation phenomenon, in general, has attracted many experimental and theoretical studies that investigated the complex geometry, sizes and distribution of the fragmented patterns [29] [30] [31] [32] . Such investigations are relevant in understanding many natural occurring fragments such as skin, fruits, wood, paint and ceramics. More importantly, these models provided important predictive capabilities in examining and limiting the failure of materials [33] [34] [35] [36] . One such fragmentation process controls the applied stresses from a change in the volume before and after a drying process 37, 38 . A typical example from nature is the mudcracking phenomenon, whereby fragments of irregular shapes and sizes are formed on the surfaces after the top layer shrinkage 39, 40 . This behaves similarly for the drying of thin film coatings, whereby the rigid substrate acts as a constraining bottom layer. During desiccation, under the compressive strain induced by the volume change of the thin film, bi-axial tensile stresses are applied to weak spots in the film. Cracks will form when the resultant strain builds up beyond a critical value.
In this work, we utilize this mud-cracking concept to produce ordered fragments at the submicron scale using an artificially modified thin film. Distinct weak spots that have a propensity for forming cracks are created. The obtained structures, after the drying process, are otherwise not possible in any natural occurring fragmentation. We have also tested the electrochromic performance of such nanostructured nickel oxide coatings where some compelling results are demonstrated. The specific implementation discussed here combines a lithographic method to generate weak spots, electrodeposition to introduce the initial oxide film and water loss on drying to drive fragmentation, but it may be possible to generalize the overall approach to other materials and processes, while preserving the ability to pattern arrays of submicron features over large areas.
Results
Creating a modified film. Fragmentation is a strain relief process that lowers the free energy of the material 41 . Statistical models are often used because of the stochastic nature of fragmentation processes. However, we will show that fragmentation can be controlled to some extent if regions of lower mechanical strength can be introduced. Here, we propose and show that this can be achieved by fabricating a thin film that is attached to a rigid substrate through a regular array of pillars. While this sounds like an unconventional and complicated structure, it is actually quite natural when a template assisted electroplating approach is used. The choice of the templates and the control of the electroplating will be the critical governing parameters in creating different structures.
The templates we utilize are created from laser interference lithography (LIL). The schematics of such templates are shown in Fig. 1a , with corresponding scanning electron microscopy (SEM) images. During the plating process, growth proceeds from the substrate, whereby pillars are first formed, as shown in Fig. 1b . Further increment of the plating time can eventually yield a continuous (though not necessarily flat) film, as shown in Fig. 1c . The thin film overgrowth is uniquely different from typical film coatings. After the removal of the photoresist, the structure can be viewed as a suspended thin film supported by a regular array of pillars. Figure 1d shows a schematic of such a modified thin film with representative regions indicated as A, B and C. These highlighted regions represent areas with different propensity towards crack formation. Region A has the least amount of overgrowth since it is farthest away from the plating holes. Being farther away from the holes also necessarily yields a higher residual photoresist, a natural consequence of the LIL process (Fig. 1a) . Region A is also an area whereby the film has absolutely no support from the pillars. A thin overgrowth layer, without any anchoring to the rigid substrate, makes it mechanically weak. All these factors make Region A the weakest spot that is prone to crack formation. Comparatively, the suspended Region B will have a stronger resistance to cracking, since it is nearer to the plating holes with a thicker amount of overgrowth. Finally, Region C is the strongest spot as there are underlying pillars that are anchored to the substrate.
The accompanying SEM micrograph in Fig. 1e shows an example of the described hierarchy between the three regions. The micrograph shows a thin film overgrowth of 115 nm, after a simple air drying process that can represent the onset of crack formation. This is because such air drying does not induce the loss of structural water or any phase change and thus, the volume change and stress build-up are significantly smaller 42, 43 . We also note that our drying process also does not induce significant capillary forces since drying of the thinner overgrowth does not induce crack formation 44 . The SEM image in Fig. 1e shows clearly the crack formation, or the onset of crack formation, in most of the Region A. Some crack formation and propagation can also be observed along Region B, while none are detected in Region C. This clearly demonstrates the success of creating a modified thin film with ordered regions of different propensity for crack formation.
Fragmentation of modified films. Having created the weak spots in the modified thin film, we can test the fragmentation process at different overgrowth thicknesses after a furnace anneal at 300°C for 90 min. This processing condition is expected to introduce significant stresses to the films as discussed in the Methods section. SEM images of thin film overgrowth, before and after annealing, for the indicated thicknesses (plating duration) of 60±10 nm (20 s), 80±15 nm (60 s) and 120±20 nm (100 s), are shown in Fig. 2 . Magnified images of each film before and after annealing are also shown. We note here that the chemical compositions of the created structures are essentially similar for the different thicknesses as determined by X-ray photoelectron spectroscopy ( Supplementary Fig. 1 , Supplementary Table 1 and Supplementary Note 1). The coated films also remain amorphous after the heat treatment as determined by X-ray diffraction (Supplementary Fig. 2 and Supplementary Note 2). For an overgrowth of 60 nm, a continuous coverage is observed before the annealing. After the thermal treatment, only the anchoring pillars remain. A more detailed observation of the pillars actually shows some crinkle formation and this can be explained by the rate of water loss from the surface, or a hindrance effect ( Supplementary Fig. 3a ,b and Supplementary Note 3). It is useful to understand that the resultant structures actually demonstrated the hierarchy in crack formation we previously described. Apart from the obvious observation that Region C shows the highest stability, the order of stability for Regions A and B can be derived from the observation of remaining bridging materials only for Region B. When a thicker overgrowth of 80 nm is annealed, the film shows a different transformation. It can be seen that after annealing, the structured film yielded well-ordered cracks, without any clear crack propagation. These generated cracks without any crack propagations are in the nanoscale regime, similar to those formed from initial air-drying. The individual pillars can still be discerned even though they no longer stand out clearly. The edge crinkle effect is also less obvious and this gives such films good coverage, whereby the underlying substrate is not greatly exposed. We will show subsequently that such a structure actually yields the best electrochromic performance. Finally, for the thickest overgrowth of B120 nm, some crack formations are present even before the furnace drying process. This is similar to the air-dried film, as shown in Fig. 1e . At such thickness, the film is susceptible to crack formation even with air drying due to the larger stress built up.
After the furnace anneal, the SEM image for the 120 nm overgrowth thickness sample shows a lower number of crack formations with clear signs of crack propagation. Propagation of cracks now appears to be a competitive way to relieve the strain as opposed to creating new cracks for such thick films. This agrees with theoretical and experimental findings of larger crack spacing and fragment size that are previously reported as thickness of the film increases 40, [45] [46] [47] . As a result, larger repeated structures are formed instead. These repeated structures for the 120 nm overgrowth thickness sample shows typical sizes spanning across two pillars in orthogonal directions; we hereby refer to such units as 2 Â 2 structures for easy reference. These structures are highly characteristic and a low magnification image ( Supplementary  Fig. 4 ) shows the interesting patterns derived over a large area (Supplementary Note 4). A high magnification image also reveals the presence of the crinkle effect for these large units via a similar formation process ( Supplementary Fig. 5a ). The crinkle effect of the larger structures shows possible concurrent film cracking ( Supplementary Fig. 5b ) and the delamination of the pillars (Supplementary Note 5). This can represent comparable strain relief energies between the adhesion at the hetero-interface and the creation of a crack in a homogenous material. Such studies might be a viable approach to study the adhesion of nanostructures if the mechanical properties of nanomaterials are known 48 .
The reported structures achieved via the templated plating and fragmentation are unique and not easily achievable otherwise. The resultant structure of a suspended film structure with regularly populated cracks fabricated using our proposed method cannot be easily achieved via direct lithography. In addition, different overgrowth thickness and the eventual structures obtained demonstrated the control we have over the fragmentation process, and such an approach of fabrication has some advantages. The structures are essentially shaped by the templates and with advanced lithography techniques, the method will allow for the formation of fragments at the nanoscale dimension. It is also quite simple to utilize our understanding in the creation of such weak spots to synthesize other characteristic structures. In Fig. 3 , we show the fabrication of anisotropic patterns using oval shaped hole templates and the subsequent SEM images obtained for different thickness of overgrowth. It is important to realize that for such anisotropic patterns, Region A remains the weakest spot. However, due to the anisotropy in the distance from the plating holes, slight differences exist between Regions B1 and B2. The reduced spacing between neighbouring holes and the lower photoresist height, will lead to an increase in overgrowth thickness in Region B2 as compared with Region B1. Due to this anisotropy, we expect cracks to form preferentially in Region B1, and along the Y-direction as indicated in the accompanying SEM image. Having accumulated more cracks along the Y-direction, we also expect a greater probability in crack propagation and fragmentation lines. The resultant effect of such fragmentation preference is to form more rectangular like structures, as opposed to the more square shaped isotropic structures when round hole pattern templates are used. Therefore, Fig. 3 shows the formation of oval shaped structures for the 70 ± 10 nm overgrowth thickness sample. Such oval shaped pillars remain connected in Region B2 as shown in the accompanying SEM image at the top. When the overgrowth thickness is increased to 85±15 nm, there is a tendency in forming rectangular-like structures after the drying process. The longer side of the rectangle, as defined by the template, is in the Y-direction as indicated in the SEM image. Finally, for an overgrowth thickness of 110 ± 20 nm, larger rectangular shaped structures are observed. This is similar in nature to the isotropic structures in having less crack creation and more crack propagation. Judging from the resultant structures created for all the overgrowth thicknesses, the anisotropic patterns have successfully altered preferential crack formation and propagation, whereby characteristic rectangular-like nanostructures are obtained.
Fragmentation process of modified films. It is important to further understand the formation process for such modified (templated) thin films. The modified films are anchored to a rigid substrate through the base of the pillar. Such a configuration is necessary for early and controlled fragmentation. We emphasize that the obtained structures demonstrated are otherwise not possible for a coated thin film. Firstly, the critical thickness for Figure 4 shows the SEM images of increasing thickness of a non-templated plated thin film, using the same electroplating method, after the furnace drying process. At 120 nm, there is no observable crack formation, which is in contrast to the routine fragmentation of modified films (B60-120 nm thickness), as shown in Figs 2 and 3. Crack formation is only observed for the non-templated film when the thickness is increased to B300 nm. This is a consequence of the higher built-up strain energy for the thicker film. Finally, when the thickness is increased to B550 nm, crack propagation similarly becomes an important strain relief mechanism with less cracks being created. However, unlike the modified thin film, the fragments formed are much more random in nature and fragments of varying sizes and shapes are obtained. If we estimate the critical thickness for the thin film to be B200 nm, we can comment on the fracture toughness (K IC ) of the coated film. Simplifying the equation for critical thickness (h c ) to: h c ¼ 2.49 (refs 50,51) . Using these values, we calculate the fracture toughness to be 2.2-4.3 M Nm À 2 . This is within reasonable expectations for ceramics 52 , but higher than the reported values for NiO obtained using modelling estimates 53 . We note that the modelling estimates appears to underestimate fracture toughness of materials such as Al 2 O 3 and TiO 2 54,55 . Using the same calculation, the modified thin film reduced this fracture toughness to o1.2-2.3 M Nm À 2 , thereby effectively lowering the critical thickness. We attribute this difference to primarily the adhesion of a thin film on a rigid substrate. In a typical thin film coating, when tensile stress is exerted on the film, compressive forces within the substrate counter this force and this is applied to the film through its adhesion to the rigid substrate 47, 56 . The effective fracture toughness of the suspended film can thus be lowered as this additional resistance from the substrate is absent, causing early fragmentation of the mechanically weak spots as shown.
Statistical analysis of fragments. Despite using a modified thin film for ordered fragmentation, a more detailed statistical analysis shows some similarity in trends, perhaps suggesting the same governing physics in such processes. The fabricated structures are distinctively characteristic, but they are not perfectly uniform units, especially for thicker overgrowths. For the thinner overgrowths as seen for both the isotropic and anisotropic patterns, regular building block sizes, as dictated by the pillars, can be obtained (1 Â 1 structure). This is because the fragmentation process here is confined mainly to crack initiation and the modified thin film gives excellent uniformity. For thicker modified films, crack propagation comes into play. When this happens, there will be some randomness to the formation of the fragments. A summarized distribution of fragments for the different overlayer thicknesses is shown as histogram plots in Fig. 5a . The distribution for the optimized thicknesses are not shown, because it is not straight forward to define fragment sizes for films that are only populated with cracks. Instead, we included distribution for even thicker overlayers where the crack propagation dominates. The distribution is divided into structure sizes of 1 Â n, m Â m and n 1 Â n 2 , representing fragment sizes of single unit rectangles, squares and larger rectangles, respectively. Figure 5a shows clear trends in the fragment size distribution for both the oval and circular patterns as the overlayer thickness is increased. For the oval patterns, the intended rectangular structures clearly dominate at lower overlayer thicknesses. When the randomness of the crack propagation sets in, there is a shift towards formation of larger rectangular or even square structures. Similarly for the circular patterns, the intended square fragments dominate before seeing the increased contribution from rectangular structures for thicker overlayers.
A summary of the relative make up of isotropic and anisotropic fragments is shown in Fig. 5b . It is immediately clear that the oval and circular patterns show distinctive ability to create the intended isotropicity for the fragments, even when crack propagation sets in for the thicker overlayers. It is also clear that as the overlayer thickness increases, the isotropic and anisotropic fragment distributions tend towards a more random and hence equal distribution. Nonetheless, the respective patterns still kept an asymmetric distribution (B60:40) even for the thickest overlayer investigated in this work. This indicates the success of using the respective structures in guiding the isotropicity nature of the crack formation. A summary statistics for the variation of the fragment sizes with all the range of film thicknesses, is shown in Fig. 5c for both the circular and oval shaped pattern films. It can be seen that the log-log plot of the square root of average fragment size (A) versus thin film thickness (h) yields a linear relationship. Scaling sizes of b c a 120 nm 300 nm 550 nm fragments is shown to be quite universally dependent on substrate properties, such as the number of bonds per block unit 46 . This was also demonstrated experimentally, where the linear scaling law of OA ¼ Kh n (for n ¼ 1), with dimensionless ratio K, was found for isotropic and directional crack patterns for variation of thickness in coated Fe 2 O 3 nanocrystals 45 . Therefore, it may be intuitive that even for the modified thin films, similar scaling law governs the mechanics of crack formation. The log-log plots for the oval and circular patterns can both be fitted with linear profiles. For the oval patterns, the linear scaling law appears to still apply with a fitted n value of B0.93. The proportionality constant (K value) is larger than that reported for the coated Fe 2 O 3 at B15.1 and this can be explained by the lowering of fracture toughness of the modified films. Interestingly, for the circular patterns, the scaling law deviates from the linear dependence with a larger n value of B1.24. The corresponding K value for the circular pattern is lower at 2.68. On the basis of the equation, the K value reflects the size of the fragments at lower thicknesses, while the n value characterizes the scaling. Thus at lower thicknesses, we should expect circular patterns to yield smaller fragments. This can be directly attributed to a greater tendency for crack propagation for the oval structures, while crack creation is the dominant mechanism for the circular structures. As for the scaling capacity for higher thickness where crack propagation is rampant, we propose that the meeting of propagating cracks contributes an additional factor. This happens more rarely when the cracks propagate preferably in parallel directions, as was the case for the oval shaped patterns. For the circular patterns, isolation of some fragments occurs when propagating cracks meet, giving an additional mechanism in creating larger structures. This explains the higher scaling relationship observed. Such understanding or statistics presents a facile approach for creating semi-regular nanostructures through fragmentation in a modified thin film. Characteristic sizes can therefore be achieved just by selection of templates with the required pattern and the control of overgrowth thicknesses. For example, a typical fragment size of B0.3 mm 2 can be obtained using a circular pattern template with an 80 nm film overgrowth. A switch to the oval pattern template will yield a larger fragment size of B0.8 mm 2 . We believe that larger or smaller sizes extrapolated from the plot can also be achieved and the possibility is limited by the practicability of fabricating the respective templates.
Electrochromic performance of structured films. Electrochromic (EC) performance of a material, like all electrochemical devices, is strongly affected by its surface area and accessibility to the electrolyte. In addition, EC devices have the added constraint of having to provide sufficient optical contrast. The latter point requires suitable morphology and coverage of a coating. Such a requirement makes our structure especially relevant in the study of EC materials. In-situ transmittance modulations are performed with cyclic voltammetry (CV) measurements to investigate the switching and optical properties of the obtained NiO structures.
There are no significant differences to the shape or peak potential of the CV curves obtained between the structured film of different overlayer thicknesses ( Supplementary Fig. 6 and Supplementary Note 6). The current density, however, varies as this is related to the reactivity and the optical performance. The summarized transmittance modulation for the different representative structures, are shown in Fig. 6a , where a picture showing an example of the bleached and coloured EC state is included in the inset. The lowest transmittance modulation is observed for the regular pillars array structure. This can be attributed to the lack of coverage, thereby yielding a low optical contrast. For the structures with sufficient coverage, a greater number of cracks will expectedly be preferred since this provides a better accessibility of the electrolyte for the material. Therefore, structures with a high number of well distributed cracks, for example that of the 80 nm overlayer thickness plated film gives a higher contrast when compared with thicker samples with 120 nm overlayer thickness. The thicker films with a smaller number of cracks and larger fragment sizes experience a slight drop in the optical contrast. It is important to note that without structuring, thin films of comparable amount of materials used yield a transmittance modulation of only B18.5%, while the nanostructured film can easily achieve values of 40% or more. This demonstrates that high-performance EC devices can possibly be achieved using a structuring approach of coated films. The coloration efficiency (CE) for the structured films can also be compared. The CE is a figure-of-merit to judge the efficiency of the EC material by examining the optical contrast per unit charge. The CE is defined as DOD/Q, where the optical density modulation (DOD) describes the optical contrast (that is, ln(T bleached /T colored )) and Q is the charge density 57 . The CE values of different structures are calculated and listed in Table 1 , together with CE values from other reports 8, 26, 58 . 59 , we have shown in earlier discussions that this does not vary greatly across the different created structures and hence the difference in CE is not immediately apparent nor expected. We attribute the high CE to be linked intricately to the enhanced stability that accompanied the optimized structures. The CV plots of the 80 nm overlayer thickness sample are shown in Fig. 6b . The initial increase in current density can be attributed to an activation process that is typical for the NiO. We show reasonably stable CV peaks up to the 160th cycle, where other similar growth methods have noticeable degradation beyond the 40th cycle 26 . The degradation process for nickel oxide/hydroxide can be caused by the trapping of intercalated water when there is an imbalance in the inward and outward cycling of hydroxyl or OH À ions 60 . For our optimized structures with the highly populated cracks, the increase in the material/electrolyte interfaces and better electrolyte flow can aid the out-diffusion of the OH À ions that slows down the degradation process. The trapped water molecules are detrimental to the CE as they are a source for unwanted reactions that do not contribute to the optical density. Therefore, when the amount of intercalated water is reduced, CE can be increased owing to a reduction in the unwanted reaction current.
Discussion
In summary, we have demonstrated a facile and unique method to fabricate structured NiO/Ni(OH) 2 through template assisted fragmentation at the submicron and nanoscale. The proposed method of structuring offers a new dimension in the design and synthesis of structured metal oxides. We made use of the film overgrowth on regular pillar arrays to create mechanically weak spots that allowed for early and controlled fragmentation. Different structures of characteristic sizes, that are otherwise not achievable naturally, were obtained. The formed structures shown can have many practical uses. Despite some attempts to use cracks in structure formation, they have previously been limited to only micrometre sizes and are far less scalable 13, 17, 20, 36 . Since we have demonstrated in this work that the control of such fragmentation at the submicron and nanometre scale is possible, the low-dimensionally structured films can be an excellent base template in forming hybrid materials. The introduced approach can possibly control the extent of interaction in such hybrid materials so that their associated properties can be carefully studied. The host-guest matrix type of hybrid can be explored for materials including organics and nanoparticles, whereby they are relevant in applications such as mechanosensors 61 , catalysis 62 and energy storage or conversion 6 . As structuring is a natural approach towards sensitivity and performance enhancement, we have demonstrated the enhanced electrochromic properties of the structured NiO in this work. The resultant structures yielded excellent electrochromic performance with high-coloration efficiency and stable cycling stability. We believe the proposed fabrication method can be extended to other electroplatable materials, other template shapes or sizes, for a variety of applications.
Our study of the crack formation at the submicron and nanoscale in the modified thin films also contributes to general studies of fragmentation. The control of fragmentation offers a method to isolate the fragmentation to certain regions of the film that can be valuable in studying the basic mechanism in fragmentation, especially for low dimensional materials. Our study shows that the early fragmentation process in this work can be attributed to a decrease in fracture toughness due to a lack of adhesion for the suspended film. The statistics of the fragmentation process also agree with current understanding on fragment size variation with thicknesses. The ability to arrest crack propagation through such modified thin films may also be an interesting concept to explore in the area of material failure analysis.
Methods
Patterning of substrates. ITO/glass substrates (2.5 Â 2.5 cm 2 ) with resistivity of 8-12 O per square are used as substrates. The substrates are ultrasonically cleaned in acetone and isopropyl alcohol, each for 10 min before the N1407 photoresist is spincoated on the ITO/glass substrate. The substrate is then baked at 95°C for 1 min before undergoing patterning via photo-exposure. In this work, LIL is chosen due to its versatility in varying pattern sizes and shapes that is necessary to examine the mechanism as intended. The samples are therefore subjected to a He-Cd laser exposure at a wavelength of 325 nm. LIL creates the regular arrays by two orthogonal exposures, through a 90°rotation of the sample for the second exposure process. Isotropic round hole (circular) patterns are achieved by keeping the exposure durations identical. Anisotropic oval hole patterns are achieved by having a 10 s difference between the two exposures. After development of the photoresist, a reactive ion etching procedure in oxygen is performed to remove any residual photoresist.
Film growth by electroplating. Ni(OH) 2 is cathodically electrodeposited in a solution (overall pH value of 3.5) consisting of 1.8 M Ni(NO 3 ) 2 and 0.075 M NaNO 3 in a solvent of 50% (volume per cent) ethanol and water. The electrodeposition is accomplished using a constant voltage of À 1.5 V at room temperature. After the deposition, the photoresist is removed by immersing the sample in acetone for 12 h at room temperature. The samples are subsequently dried in ambient for at least an hour (air-drying) before they are further dehydrated using a standard horizontal three-zone furnace at 300°C for 90 min in air ambient. The conversion of Ni(OH) 2 to NiO causes a reduction of B50% in the volume of the material. Since strain relief is easier in the out-of-plane direction, the change in dimension should be smaller in the in-plane direction. If we take this reduction of length to be in a 1:2 ratio, this gives an in-plane compressive strain (e) value of B0.152 and represents the source of the fragmentation process in this work.
Scanning electron microscopy. The morphology and reported thicknesses of the films are determined by SEM with a Nova NanoSEM230 at a typical acceleration voltage of 10 keV. The resolution of the SEM is B1.5-2.0 nm. However, enhanced emission/detection of secondary electrons at the edge of the sample can increase the inaccuracy of the cross-sectional thickness measurements to B5-10 nm. Practically, the dominating error in the thickness measurements can be attributed to variations across the sample area. From measurements of all samples for each growth duration, we estimate a combined deviation of o ± 20%. The individual deviations are highlighted both in the text and figures when necessary.
Electrochromic performance measurements. CV measurement of the annealed Ni(OH) 2 are carried out using a Metrohm Autolab potentiostat with a Ag/AgCl (3 M KCl) reference electrode and a platinum foil counter electrode in a 0.1 M KOH electrolyte solution. An in-situ monitoring of the transmittance (wavelength at 635 nm) during the CV cycling is performed. The transmittance monitoring setup consists of a Thorlab laser and silicon photodiode.
Data availability. All the relevant data that supports the findings and conclusion of this work are available from the corresponding authors on request.
